Electricity grid regulations are frequently revised in order to accommodate the ever-increasing penetration of distributed renewable energy systems (RES). Interconnected RES are required to operate conditionally under normal and abnormal grid conditions. Furthermore, RES are required to have fault ride through (FRT) capability so that they can provide voltage and frequency support to the grid. The FRT operation may necessitate the injection of positive, negative or both sequence components of current. Therefore, appropriate control techniques are needed that can perform under all grid conditions (faults and harmonics) without violating the grid codes. A benchmarking comparison between two existing current control techniques motivated the proposal of a new current controller with an improved performance and lower computational complexity. The proposed controller allows accurate injection of pure sinusoidal positive, negative or both sequences currents under normal and abnormal grid scenarios. The proposed control strategy can work with considerably lower computational complexity and with improved response as compared to the two existing controllers.
I. INTRODUCTION
For grids with high penetration of distributed generation systems many grid codes have already been published in order to regulate power generation form these interconnected sources [1] - [3] . Furthermore, this increasing integration is leading to the evolution of new grid regulations for the accurate operation of RES under disturbances and grid faults [4] - [5] . As per these regulations, RES are required to inject high quality current under normal and harmonically distorted grid conditions. In addition, RES must be equipped with Fault Ride Through (FRT) capability in order to remain interconnected and inject positive and/or negative sequence currents for improving the power system stability [6] - [9] . RES need grid side converters (GSC) for delivering available power to electrical grid in an efficient way [10] - [11] . Hence, the control system of grid side converter needs flexibility and continuous improvements for meeting the modern grid requirements. The appropriate operation of the GSC is ensured by the design of its controller for regulating the injection of the produced active power into the grid in a synchronized way [5] - [7] , [12] . The control of GSC is often based on the outer active-reactive power (PQ) control loop and the inner (Current) control loop [11] , [13] - [15] . The operation of both controllers is affected by the synchronization method, usually a Phase-Locked Loop (PLL) technique that ensures the grid synchronization of the GSC. The PQ and current control must be designed so as to operate accurately under both normal and abnormal grid scenarios. The main topology and the corresponding controller diagram for such a three-phase GSC is described in [11] , [13] - [15] and is presented in Fig. 1 . In the literature, the conventional current controller [13] - [14] is designed in the Synchronous Reference Frame (SRF) of the fundamental component ( -frame) and uses two Proportional-Integral (PI) controllers in order to generate the reference voltage. However, the presence of negative sequence grid voltage causes unavoidable double frequency oscillations on the transformed -frame voltage and current vectors. As a result, the controller does not respond optimally under unbalanced grid voltage. To alleviate the problem of double frequency oscillations, some current control strategies with dual SRF frames have been proposed in [16] - [17] , where the effect of oscillations is mitigated by introducing filtering techniques. The use of filtering techniques in the controller Authors Hadjidemetriou and Kyriakides acknowledge the financial support by the Cyprus Research Promotion Foundation, Project KOINA/SOLAR-ERA.NET/0114/02, through the SOLAR-ERA.NET instrument (EU FP7). path, however, causes undesirable deceleration of its dynamic response and performance.
To improve the performance of dual SRF current controller, an enhanced decoupled SRF controller is proposed in [18] . The enhanced dual SRF controller uses a novel decoupling network for accurately injecting both full positive and negative sequence currents with improved dynamic response. The controller however is more complex and the necessary dq voltage feedforward terms are not used in the control path, requiring undesired higher control effort.
In addition, all the control techniques mentioned above do not consider the effect of harmonic distortion. The Proportional-Resonant (PR) controller designed in frame proposed in [19] , is equivalent to conventional controller and cannot work for abnormal conditions. Another controller proposed in [20] uses a Resonant (R) controller in combination with PI. The PI controller is used in SRF for injection of positive sequence current and the R controller is employed to compensate the voltage harmonics. However, the effect of unbalanced voltage conditions is not considered. To overcome the problem of both unbalanced fault and harmonic distortion, a multiple SRF based controller is proposed in [21] . The computational complexity of the aforementioned controller is an issue due to significant number of Park's transformations and additionally, the decoupling of cross-coupled axis currents plus the feedforward terms make the implementation more complex [22] . Furthermore, it cannot inject positive and negative sequence currents simultaneously.
In this paper, two existing controllers [18] and [21] are compared in terms of their operating performance and computational complexity. Based on this benchmarking analysis, this paper proposes an advanced current controller that can work with improved performance and requires less computational effort. The new current control technique enables the injection of high quality positive and/or negative sequence symmetrical currents under grid faults and voltage harmonic distortion. Furthermore, a modified PQ controller is developed in which the proposed technique is used for enabling the proper FRT operation of grid connected RES.
The study of existing current controllers is presented in Section II. The proposed current controller and modified PQ controller is discussed in Section III. Section IV describes the computational complexity analysis. Finally, to verify the accurate performance of the proposed current controller simulation results are analyzed in Section V and paper concludes in section VI.
II. ANALYSIS OF EXISTING CURRENT CONTROLLERS
Two existing current controllers are discussed and analyzed that justify the proposal of new advanced controller.
A. Modified based Controller
The controller proposed in [21] reformed the conventional controller by combing it with harmonic compensation module (HCM) and unbalance compensation module (UCM). The HCM and UCM are implemented using Integral controllers implemented in multiple reference frames (SRFs).
The main contribution of the paper was the introduction of unbalance compensation module that can compensate for unbalance grid faults. The controller can inject full positive or negative sequence current under grid faults and harmonic distortion. The structure of the controller is shown in Fig. 2 .
The complexity of the controller is an issue due to the large number of Park's transformation, and the presence of feedforward and cross-coupling terms. Moreover, it cannot inject both positive and negative current sequences simultaneously.
Modified current controller of [21] .
B. Decoupled Double Synchronous Reference (DDSRF)
When both positive and negative sequence currents are being injected simultaneously, the performance of conventional based PI controller is degraded due to the presence of undesired double frequency oscillations. The effect of oscillations must be removed for allowing an accurate performance by the PI controllers. Many filter based control techniques have been proposed for reducing these oscillations. The current controller proposed in [18] uses two SRF frames with a novel decoupling network for eliminating the effect of these oscillations. The controller can inject both positive and negative sequences of current simultaneously. The structure of the current controller is presented in Fig. 3 . The controller is more complex in terms of implementation and also the effect of grid voltage harmonic distortion is not considered. Since the injection of negative sequence needs an extra SRF frame, two based PI controllers are implemented in each corresponding SRF frames for simultaneous injection of positive and negative sequence. Consequently, the computational cost of controller is significantly increased due to extra number of Park's transformation and cross-coupling terms. Moreover, the use of feedforward is necessary in case of , which is not included in the design, resulting in higher control effort. Moreover, the use decoupling networks for cancelling the effect of oscillations further increases the complexity.
III. PROPOSED CONTROLLER TECHNIQUE

A. Proposed Current Controller
The main contribution of the paper is the design of a new current controller and its comparative study with existing ones. The proposed current controller is hybridization of PR and I controllers implemented in and frame for minimizing the requirement of excessive computational resources. The PR controller allows the perfect injection of full positive and/or negative sequence currents and additionally compensates for unbalanced grid faults. The unbalance compensation by PR controller restricts the generation of zero sequence as well. The The proposed current controller is modular in structure and can be divided into three parts as shown in Fig. 4 . The first module is responsible for choosing the mode of operation i.e. positive and/or negative current injection. The second module consists of conventional PR controller implemented in stationary frame. The last module called harmonic compensation module (HCM) is responsible for modifying the reference voltage of GSC for effective mitigation of harmonic distortion present in the grid voltage. The HCM is implemented in multiple SRFs where the disturbance ∆ is transformed every time into the corresponding harmonic reference frame in order to compensate the effect of harmonic distortion in grid voltage [Chapter. 12, 13] , [21] .
Since the dynamics of PR controller do not change by adding extra HCM, therefore it is convenient to tune the conventional part of controller as mentioned in [Chapter 9, 13] . The values of and used in this paper are 71 and 6000, respectively. The stability of HCM is ensured by the use of I controller and can be tuned easily. The dynamics of grid voltage harmonics are slow, therefore the I controllers are tuned at relatively low gains (1000) [21] . 
B. Proposed Modified PQ Controller for FRT
The current references that enable FRT operation in this proposed modified PQ controller are calculated using a decoupling network as an added feature in the conventional PQ controller. The decoupling network [23] - [24] is implemented in stationary reference frame for generating pure sinusoidal current reference signals by dynamically canceling out the effect of harmonic distortion and unbalance negative sequence components from positive sequence grid voltage and vice versa. The decoupling network accurately determines every voltage component v * (including positive/negative sequence and all the harmonics). Thereafter by using the voltage components v * and v * , the reference for positive and/or negative sequence currents (free of undesired oscillations) are being calculated according to (1) and/or (2) . Consequently, the reference generation will be free of harmonics and/or unbalance terms, and thereby accurate performance of current controller can be achieved. Furthermore, by injecting a harmonic free positive and/or negative sequence current, the oscillations in active and reactive power will also be minimized. The active/reactive power references * and * are provided based on FRT technique mentioned in [6] in order to avoid violation of converter current limits under grid faults. * * 
According to [11] , [21] , the relation for active/reactive power delivered by GSC under unbalanced harmonically distorted grid voltage is given by (3) . It is obvious from (3) that the active and reactive powers suffer from oscillations due to the presences of voltage or current negative sequence unbalanced and harmonic components. The proposed PQ controller however, minimizes these oscillations. Considering the references in (1), the active and reactive powers for positive sequence current injection is given by (4) . Similar relation can be written for negative sequence by replacing +1 by -1. It can be inferred from (4) that the oscillations within active and reactive powers are minimized compared to oscillations in (3). Henceforth, it is the responsibility of current controller to ensure the proper injection of currents according to (1) and (2). 
Altogether, the modified PQ controller with the proposed current controller enables the accurate injection of full pure positive and/or negative sequence of currents by compensating the effect of unbalance and harmonic distortion.
IV. COMPUTATIONAL COMPLEXITY ANALYSIS
In this section, the computational complexity of proposed current controller is compared with those of [18] and [21] . It is worth mentioning that the proposed control strategy doesn't need extra unbalance compensation module (UCM) as compared to the controller proposed in [21] for compensating the effect of unbalanced grid faults. This is because the PR controller can compensate for inverse sequence generated by unbalance grid faults on its own. Furthermore, since the PR controller provides infinite gain at a specific frequency, no feedforward compensation and decoupling of currents are needed in the case of PR controller as opposed to control in SRF frame. The elimination of cross-coupling and feedforward terms significantly reduces the calculations complexity [22] . For a three-phase system, the control strategy with PI controller increases the complexity of implementation due to large number of transformations between the reference frames. However, the proposed control technique requires considerably less number of Park's transformations for the implementation of control algorithm. Furthermore, as the PR controller mainly depends upon the grid angular frequency that is fixed for both the positive and negative sequence, the simultaneous injection of both sequences does not require an additional decoupling network as in [18] . Consequently, one PR control loop is required to control both sequences, unlike controller proposed in (base quantity is grid voltage phase angle and is different for both sequences) where two separate SRFs and decoupling network is employed for each sequence. This further reduces the overall complexity.
The proposed controller strategy is therefore more efficient and computationally less complex than the controllers in [18] and [21] . The proposed current controller requires the least number of calculations and is computationally faster, as analyzed in Table I . The computational time analysis was done using the MATLAB Profiler tool.
V. RESULTS AND DISCUSSION
The dynamic response of the proposed current controller is verified under unbalanced grid faults and harmonically distorted grid voltage through simulations. The LCL filter parameters are calculated according to [25] . The results in Fig.  5 show the positive or negative sequence injection of proposed controller under FRT. The −5 th and +7 th order of voltage harmonic distortion is set to 0.03 pu and 0.02 pu, respectively, (same for all cases). Until 0.8 s, 2 kW of power is delivered in positive sequence injection mode, thereafter a step change from 2 kW to 3 kW is applied. An unbalance Type C fault occurs at 0.9 s and grid support is ensured by injecting positive sequence according to FRT Q/P=3:1 (2395 VAr/800 W), without violating the converter's limit. Under fault, the injection of reactive power provides support to grid voltage. Hence the amount of Q power injected must be greater than the P power. The Q/P=3:1 is selected to validate the FRT operation of proposed control strategy (a more accurate value of Q/P depending on fault can be obtained from grid operator or reactive power profile or according to [6] ). At 1s the mode of operation is changed to negative sequence and 842 VAr/285 W of power is delivered. Under all variations, proposed controller is responding accurately with improved performance (low overshoot/oscillations and faster dynamic response). The proposed current controller is also validated for mitigation of grid voltage harmonic pollution (shown in Fig.  6 ). The controller is operated in positive injection mode. The and are respectively subjected to a step change of 4.5 A and 2.25 A at 0.4 s and 0.65 s. The voltage harmonics (−5 th and +7 th ) are injected into the grid voltage at 0.4 s with HCM deactivated until 0.55 s. The oscillations in injected current can be observed in Fig. 6 . After 0.55 s however, when the HCM is activated, the undesired oscillations are compensated and thereafter harmonic free currents are injected. The subplot 2 clearly reflects the presence of harmonics in three phase currents (distorted waveforms) before 0.55 s, which however becomes pure sinusoidal as the HCM is activated. The performance of the proposed current controller is also compared with those of [18] and [21] . The tuning procedure used is similar for all the controllers. The first comparison is for injection of positive sequence current, Fig. 7 . At 0.4 s and 0.6s and are respectively subjected to a step change of 4.5 A and 2.25 A. At 0.8 s when fault occurs, the controllers in [18] and [21] take more time to overcome the oscillations and get back to the reference value.
The comparison for injecting negative sequence is shown in Fig 8. Until 0.6 all the controllers are injecting positive sequence current. At 0.6 the mode of operation is changed to negative injection and also a type B grid fault occurs. It can be seen from Fig. 8 that from the three controllers, the proposed current controller gives less overshoot, lower oscillations and takes less time to get back to the reference (generated by PQ controller). The improved performance of controller is achieved at lower calculation complexity, verifying the effectiveness of proposed strategy.
Since, the controller in [21] cannot inject both sequences simultaneously, a comparison with the controller of [18] only is shown in Fig. 9 . The proposed current controller presents faster response and better performance with less oscillations/overshoots, as can be verified from results in Fig. 7-9 . The improved performance is achieved with considerable reduced computational complexity compared to the other controllers. This is a very important characteristic when implementing a control algorithm in real time since current digital signal processors (DSP) [22] employed in GSCs have limited processing resources resulting from attempts to minimize the cost. As a result, a decrease in processing resources has a positive impact and provides greater flexibility to GSC manufacturers. 
VI. CONCLUSION
This paper proposes an advanced current control technique enhanced with harmonic compensation and FRT capabilities for harmonically distorted unbalanced voltage conditions. The proposed controller can inject high quality positive and/or negative sequence of currents accurately with considerably lower computational complexity as demonstrated in Table I . Furthermore, the response of proposed controller presents lower overshoot and less oscillations. The proposed controller is designed to adapt to any modern grid regulations ensuring reliable, safe and stable feed-in operation of grid side converters and distributed renewable energy systems.
